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Boldrey 1937; Rathelot and Strick 2006; Schieber and Hibbard 1993; Schieber and Santello 2004) . Furthermore, motor cortical neurons commonly diverge to innervate the motoneuron pools of several forearm and intrinsic hand muscles (e.g., Buys et al. 1986; Fetz and Cheney 1980; Schieber and Santello 2004; Shinoda et al. 1979 Shinoda et al. , 1981 .
Indications for central factors are the synchronization between pairs of low-threshold motor units, which act within one compartment or between two compartments of FDP (Winges and Santello 2004) , FDS (McIsaac and Fuglevand 2007) , and ED (Keen and Fuglevand 2004a) . During attempted flexion of one digit, low-threshold motor units acting on neighboring fingers are recruited in FDP (Kilbreath and Gandevia 1994) , FDS (Butler et al. 2005) , and ED (van Duinen et al. 2009 ). Furthermore, in maximal voluntary efforts, flexion of one finger induced involuntary forces produced by the other fingers (irrespective of the precise combinations of muscles that were involved), a phenomenon termed "enslaving" (e.g., Zatsiorsky et al. 1998 Zatsiorsky et al. , 2000 ; see also Danion et al. 2000; Slobounov et al. 2002) .
Despite a few studies that note some enslavement in the extension direction (e.g., Reilly and Hammond 2000) , most measurements of enslavement have involved finger flexion (e.g., Li et al. 1998; Slobounov et al. 2002; Zatsiorsky et al. 1998 Zatsiorsky et al. , 2000 . Yet, manual dexterity also requires precise finger extension, not only to position the tip of the digit as in typing and piano playing, but also to balance forces across the joints of the fingers. Although some enslavement would be useful to coordinate tasks such as grasping, high levels of enslavement would limit the independence of digit use.
In one of the first studies on enslavement in which subjects pressed their fingers vertically onto force sensors without any instructions about the noninvolved fingers, Li and colleagues (1998) reported that "Typically, the subjects either slightly lifted or extended these (noninstructed) fingers . . . or left them on the transducers." Later, subjects were instructed to keep the uninvolved fingers on the force sensors . Such an instruction simplifies measurement of the level of distributed flexion forces to noninstructed digits because any extension forces are set to zero. However, this instruction is a constraint that makes the task less "natural."
Despite many studies on the interaction between forces produced by the thumb and fingers (e.g., Li 2002; Santello and Soechting 2000; Sosnoff et al. 2005; Yu et al. 2007) , only one assessed the force enslavement at the thumb in flexion (Olafsdottir et al. 2005 ; see also Kilbreath and Gandevia 1994) . There was more enslavement when the thumb opposed the fingers than when the thumb was parallel to the fingers, but the precise interaction was not given (Olafsdottir et al. 2005 ).
Thus, we have undertaken a comprehensive study to measure isometric nonballistic forces in both the flexion and extension directions around the metacarpophalangeal joint at all fingers and at the interphalangeal joint of the thumb. To eliminate the mechanical effect of the thumb force on the finger forces, we positioned it to flex and extend in a plane perpendicular to the finger forces. All combinations of the digits were assessed and subjects were asked to ignore "noninstructed" digits. Several factors influenced the systematic pattern of force interaction between the fingers and thumb, including whether one or more digit was involved, which digit was involved, whether the task was flexion or extension, and the overall "difficulty" of the task. The pattern of force enslavement and deficit in flexion and extension matches the daily use of the hand and provides insight into the neural strategies that control the hand for grasping and manual exploration.
M E T H O D S

Subjects
Studies were conducted on the right hands of 11 healthy subjects (5 females, 6 males; 2 left-handed; mean age [ϮSD] 32 Ϯ 9 yr). Prior to the experiment, informed written consent was obtained. The studies were conducted in accordance with the Declaration of Helsinki and the procedures were approved by the local human research ethics committee. The study consisted of two experimental sessions: a "flexion" session and an "extension" session, named after the main task of the session. Nine of the subjects participated in both the flexion and extension sessions; one of the female subjects participated only in the flexion session and another only in the extension session.
Experimental setup
The subject sat comfortably in a chair close to a table with the right arm in mid-pronation and the hand in a natural resting position around a cylinder (65-mm diameter and 100-mm height) that was immobilized on the table, with the thumb on top (Fig. 1C) . The wrist was at about 30°extension and the forearm at about 45°to the coronal plane. The middle of the proximal phalanx of each finger was positioned in a U-shaped bracket connected to load cells (Xtran K4, Melbourne, Australia; range, 0 -100 N) that measured horizontal forces in both flexion and extension directions (Fig. 1D) . The distal phalanx of the thumb was positioned in a ring connected to a similar load cell; range, 0 -100 N) that measured flexion and extension forces in the vertical direction.
Experimental protocol
The experiment consisted of two sessions. In a flexion session, subjects started with a "warm-up" exercise in the flexion direction. This involved two maximal voluntary contractions (MVCs) in the flexion direction of all digits together, followed by three series of MVCs of each digit individually, and then two MVCs of all digits together again. Then the same series was repeated in the extension direction. These maximal forces were used to express unintentional forces in the opposite direction as a percentage of MVC (see also the negative values in Data acquisition and analysis).
The experimental protocol then consisted of flexing the digits (T, thumb; I, index; M, middle; R, ring; and L, little finger) maximally in all 31 possible combinations: T, I, M, R, L, TI, TM, TR, TL, IM, IR,  IL, MR, ML, RL, TIM, TIR, TIL, TMR, TML, TRL, IMR, IML, IRL,  MRL, TIMR, TIML, TIRL, TMRL, IMRL, and TIMRL, in a pseudorandom order, which differed between subjects. Each combination was performed twice, with Ͼ30 s rest after each trial to prevent fatigue. Subjects were given as much time as needed to prepare mentally and/or practice the next combination at low force levels. The protocol always began and ended with contraction of all digits (TIMRL). Even though subjects showed a statistically significant decline in the last contraction of all digits compared with the first one, this decline was small (Ͻ7%). Subjects received visual feedback of the summed force of the instructed digits and they were verbally encouraged to increase the level of their maximal forces. They were explicitly instructed to ignore the noninvolved digits.
In the extension session, subjects started with the warm-up in extension, followed by the single and all-digits MVCs in flexion, and then the experiment proper in extension. The sessions were about 1 wk apart and the order of the sessions was counterbalanced.
Data acquisition and analysis
All digit force signals were recorded using Spike2 (CED 1401, Cambridge Electronic Design, Cambridge, UK), sampled at 1 kHz, and analyzed off-line. To determine the force of each digit during a trial, we used the higher of the two values, recorded at the instant when the sum of the forces of the instructed digits peaked (Fig. 1A) . The maximal voluntary contraction force (MVC) for each digit was taken as the highest measured force of any contraction, irrespective of whether this was a single-or multidigit trial. Thus when the MVC was reached in a multidigit combination, this resulted in a force deficit in the single-digit task.
The enslavement of a particular digit was calculated as the average force it produced during tasks in which it was not instructed. This average enslavement was calculated for flexion and extension tasks and for the single-, two-, three-, and four-digit tasks separately. For example, the average index finger enslavement in the two-digit tasks was based on the index finger force in the following combinations: TM, TR, TL, MR, ML, and RL.
The force deficit of a particular digit was calculated as 100% minus the average produced force by that digit when it was instructed to move. Again, this was calculated for flexion and extension tasks and for the single-, two-, three-, and four-digit tasks separately. For example, the average force deficit of the index finger in the two-digit tasks was based on the index finger force in the following combinations: TI, IM, IR, and IL.
During flexion trials, subjects sometimes produced extension forces in their noninvolved digits, which were then expressed as % MVC using the extension MVC, and vice versa. Such forces in the uninstructed direction were assigned negative values.
For multidigit tasks, we defined "difficulty" as the number of noninstructed digits between the instructed digits; e.g., in the combination of thumb and index finger there are zero digits in between, but in the combination of thumb and ring finger, there are two digits in between. The enslavement was calculated as the average produced force of noninstructed digits in specific combinations. For example, for the two-digit tasks with two digits in between (difficulty level 2), we averaged the force produced by index, middle, and little fingers in the TR combination and the force produced by thumb, middle, and ring fingers in the IL combination. To calculate the force deficit of the two-digit tasks with difficulty 2, we averaged the force produced by thumb and ring finger in the TR combination and the force produced by index and little finger in the IL combination, and we subtracted this average from 100%.
To examine whether there was a relationship between the amount of enslavement and the force deficit for the two-digit tasks, the enslavement of one digit during the single MVC of another digit was plotted against its force deficit when it was involved in the two-digit task with that other digit. For the three-digit combinations, the enslavement of one digit during the single MVCs of the other two digits was averaged and plotted against the force deficit of the one digit in the three-digit task with those other two digits. These values were determined separately for the two-and three-finger combinations in flexion and extension (without involvement of the thumb) and separately for the fingers and the thumb when the thumb was involved in the task. The lines that fitted the data and their 95% confidence intervals were plotted for the three-digit tasks (Fig. 7) .
Statistical analyses
Statistical analyses were performed using SPSS (Chicago, IL). First, we tested whether there was a difference in absolute MVCs between flexion and extension, using a repeated-measures ANOVA with direction (two levels: flexion and extension) and digit (five levels: thumb, index, middle, ring, and little fingers) as withinsubjects factors. We subsequently expressed all forces in % MVC to overcome the absolute force difference in flexion and extension.
To determine whether there was any difference between flexion versus extension trials between digits for the single-digit tasks, we used ANOVAs for repeated measurements (applied only to the nine subjects who completed both sessions). When data violated Mauchly's test of sphericity, the degrees of freedom were corrected according to Greenhouse-Geisser. The within-subject factors were direction (two levels), digit (five levels: the force produced by the five digits separately), and task (five levels: each digit as instructed digit). Furthermore, we tested whether there was a difference in the amount of force produced by the instructed single digits (force deficit) between flexion and extension tasks (direction). Because results for the multidigit tasks (in which multiple digits were instructed to contract) can be viewed in different ways, several analyses were performed.
To determine the differences between the individual digits in flexion and extension tasks, we also performed two separate repeatedmeasures ANOVAs for force enslavement and force deficits. For force enslavement, we used the force produced by the digits when they were not involved in the task (Fig. 4A) ; for force deficits, we used the force Experimental setup and data from a single subject performing a maximal voluntary flexion contraction of thumb, index, and middle fingers. A: the feedback to the subject shows the target and the sum of the forces produced by the instructed digits. In this example the thumb, index, and middle fingers were instructed to produce maximal flexion force. The downward arrow shows the peak of the sum of forces produced by the instructed digits. B: a vertical cursor is placed at the position of the arrow from A, at which time the forces under each digit were measured. Flexion is shown as upward force, extension as downward force. Note that the summed peak of the forces produced by the instructed digits is not always the peak force produced by the individual digits. Furthermore, note that there is little force produced by the noninstructed ring finger, but that a small force in the extension direction was generated by the noninstructed little finger. C: the experimental setup shows the hand in a natural position at rest. The proximal phalanges of the fingers were positioned in U-shaped brackets connected to load cells that measured horizontal forces in both flexion and extension directions. The distal phalanx of the thumb was positioned in a ring connected to a load cell that measured flexion and extension forces in the vertical direction. The ring and brackets could be adjusted to a comfortable position. D: the schematic setup shows the setup from the front, with the fingers in the U-shaped brackets and the thumb in the ring connected to the force transducers.
produced by the digits when they were involved in task performance (Fig. 4B ). Within-subject factors were direction (two levels: flexion and extension), the number of digits instructed to contract, and digit (the individual digits).
To assess the effect of difficulty (two to four levels) and direction (two levels: flexion or extension) on enslavement (the amount of force produced by the noninstructed digits), we used repeated-measures ANOVAs for the two-, three-, and four-digit tasks separately ( Fig. 6A) and, in another similar set of tests, the effects of "difficulty" and direction on the force deficit (of the instructed digits; Fig. 6B ).
To determine whether the relationships between force enslavement and force deficit differed between the different tasks (flexion vs. extension tasks; two-digit vs. three-digit tasks; thumb vs. fingers; fingers in combination with just fingers vs. fingers in combination with thumb), we checked whether there was an overlap between the 95% confidence intervals of either the slope or the offset of the lines. Because the slopes did not differ significantly, we report only the offsets in Table 2 .
R E S U L T S
Maximal voluntary contraction forces in flexion and extension
Maximal voluntary flexion forces were larger than extension forces (Table 1 ). Therefore to allow comparison between flexion and extension, all data are presented as a percentage of maximal voluntary contraction force (% MVC), derived from all tasks rather than simply from the single-digit tasks (see also Fig. 2 and the following text). For both flexion and extension, the maximal forces differed between the digits [flexion: F (4,36) ϭ 35.1, P Ͻ 0.001; extension: F (4,36) ϭ 12.7, P Ͻ 0.001]. For flexion, the maximal force of the thumb was greater than that of all fingers (post hoc analyses: P Յ 0.015); the index finger force was greater than little and ring finger forces (P Յ 0.009); and middle finger force was greater than ring finger force (P ϭ 0.008). For extension, the maximal forces of the index and middle fingers were greater than those of the thumb and ring finger (P Յ 0.006).
Single-digit performance
Data from all subjects for the single-digit tasks are shown in Fig. 2 . There is more variation between subjects in extension than that in flexion forces, especially when the subjects have to perform a maximal voluntary contraction with one of the three most ulnar fingers. Often the subjects do not reach 100% of their MVC in the extension tasks, whereas nearly all of them reached the 100% in the flexion tasks. Furthermore, some force was produced by digits that were not instructed to produce force. This was termed enslavement (see METHODS). Figure 3 uses arrows to visualize the amount of enslavement induced by the instructed digit on the other digits, with the size of arrow signifying the degree of enslavement. The dotted lines represent unintentional forces in the direction opposite to that requested. These negative values result in underestimation of enslavement forces, especially for the little finger.
Subjects show more enslaved force in extension than that in flexion tasks [F (1,8) ϭ 6.92, P ϭ 0.03]. This higher level of enslavement in extension is more obvious when we calculated the amount of enslaved force produced by noninstructed digits in any single-digit task (Fig. 4A, open circles ). This figure also shows the difference in the level of enslavement produced by the five noninstructed digits [F (4,32) ϭ 16.81, P Ͻ 0.001]. The ring and middle fingers produce more enslaved force than thumb, index, and little finger (post hoc: P Ͻ 0.03). This difference between the digits was similar in the flexion and extension tasks [interaction between direction and digit: F (4,32) ϭ 0.953, P ϭ 0.446, n.s.].
Besides the enslaved force of the noninstructed digits, Fig. 4 also shows the force deficit of the instructed digits in the singledigit tasks (Fig. 4B, open circles) . Force deficit is the suboptimal performance by the instructed digits (see METHODS). This force does not reach 100% MVC, even though the subjects were instructed to contract maximally. The force deficit seemed to be larger in extension than that in flexion single-digit tasks, but this difference was not significant [F (1,8) ϭ 4.66, P ϭ 0.063]. Figure 5 shows data from all subjects performing some typical multidigit tasks. Again, there is a marked difference in performance between flexion and extension tasks. Subjects generate more enslaved forces in extension than in flexion tasks [F (1,8) ϭ 8.82, P ϭ 0.018] and the enslavement pattern is similar to that in single-digit tasks: the middle and ring fingers produce the most enslaved force [ Fig. 4A ; main effect of digit: F (4,32) ϭ 21.97, P Ͻ 0.001; post hoc analyses: enslaved ring finger force is higher than enslaved thumb, index, and little finger forces, P Յ 0.003; enslaved middle finger force is higher than enslaved index and little finger forces, P Յ 0.003]. The amount of enslavement did not differ between the two-, three-, and four-digit tasks [F (2,16) ϭ 0.763, P ϭ 0.482] and in all multitasks the differences between flexion and extension and the differences between the digits were similar (with no interactions between the within-subject factors).
Multidigit performance
Unlike the force deficits in the single-digit tasks, the force deficits in the multidigit tasks were larger in flexion than those in extension tasks [Fig. 4B; F (1, 8) ϭ 6.38, P ϭ 0.035]. This difference in force deficit increased with the number of digits that were involved in task performance. The deficit increased in flexion with the number of digits, whereas it leveled off in extension tasks [interaction direction by task: F (3,24) ϭ 14.61, P Ͻ 0.001]. In contrast to this higher force deficit in flexion tasks for the fingers, the thumb had a higher force deficit in the extension tasks [interaction direction by digit: F (4,32) ϭ 8.66, P Ͻ 0.001]. The force deficits were smaller in the two-digit tasks than those in the other multidigit tasks [F (1.6,12.7) ϭ 21.58, P Ͻ 0.001; post hoc 2D vs. others: P Յ 0.008]. Although there were differences between the digits [F (4,32) ϭ 2.87, P ϭ 0.039], post hoc tests did not reveal which digits differed significantly. To investigate possible mechanisms underlying the patterns of force enslavement and force deficit during the single-and multidigit tasks, we performed two extra analyses.
"Task difficulty"
First, the amount of enslavement and the force deficit changed when only one digit was added to a particular task. For example, see the increase in enslaved force produced by FIG. 2. Data from individual subjects during single-digit tasks. Each thin line shows data from a single subject performing the single-digit tasks in flexion (left panels) and extension (right panels). The squares and the thick line represent the average performance Ϯ SE. In this and subsequent figures the following abbreviations are used: T, thumb; I, index finger; M, middle finger; R, ring finger; L; little finger. The "negative" force is the enslavement produced in the opposite direction of the task, expressed as the percentage maximal voluntary contraction (% MVC) in that particular direction. Note the larger variance between the subjects in extension tasks. the ring finger in Fig. 5 after changing the thumb-index finger combination (TI, top panel) into the thumb-little finger combination (TL, second panel from top). We investigated whether the amount of enslaved force depended on "task difficulty," which was defined as the number of noninstructed digits that separated the instructed digits (see METHODS; Fig. 6 ). In multidigit tasks, enslavement increased when one or more noninstructed digits separated the instructed digits compared with the enslavement when neighboring digits contracted [ Fig. 6A ; main effects of task difficulty for 2D: F (3,24) ϭ 19.57, P Ͻ 0.001; 3D: F (1.2,9.4) ϭ 21.64, P ϭ 0.001; 4D: F (1,8) ϭ 19.14, P ϭ 0.002]. However, the amount of enslavement increased only in the tasks with one or more digits separating the instructed digits, compared with the tasks in which the instructed digits were not separated at all. Thus post hoc analyses for all tasks showed a difference from a difficulty Ն1 versus a difficulty of 0 (P Յ 0.008).
The force deficit also depended on task difficulty [ A: the amount of enslaved force produced by a particular digit, when it is not instructed to contract, is averaged in 1-, 2-, 3-, and 4-digit tasks in flexion tasks (left) and extension tasks (right). Because the enslaved force in the opposite direction is expressed as a negative value, the amount of enslavement is artificially reduced, especially for the little finger, but also for the thumb and index finger. The "✕" indicates the amount of enslavement produced by the little finger in the single-digit tasks averaged only for the subjects that did not produce force in the opposite direction. Note the difference in enslavement between flexion and extension tasks and also the difference between the singleand multidigit tasks. For clarity, we added error bars (SE) only for the tasks with the fewest and most instructed digits. B: the force deficit of a particular digit was calculated as 100% minus the force produced by that finger when it was instructed in a task. The y-axis is shown from 0 to 100 in a downward direction, so that an increase force deficit is seemingly plotted as a decrease in the amount of produced force. In the single-digit task, the force deficit is lowest for the index finger in both flexion and extension. In the multidigit tasks, the force deficit is lowest for the thumb in flexion and lowest for the middle finger in extension. Note: arrows indicate the direction of the y-axes of A and B.
(P Յ 0.013). In the two-and three-digit tasks, this increase in force deficit with task difficulty was mainly shown in the extension tasks [interaction direction by difficulty, 2D: F (3,24) ϭ 5.12, P ϭ 0.007; 3D: F (2,16) ϭ 6.81, P ϭ 0.007]. In the four-digit tasks, the force deficit was higher in flexion than that in extension [F (1,8) ϭ 10.83, P ϭ 0.011].
Relation between enslavement and force deficit
Some digits were strongly enslaved when other digits were instructed to contract, such as the ring finger during middle finger contractions and vice versa. Often these digits then showed low force deficits when both fingers were instructed to contract. To illustrate this, Fig. 7 shows the significant negative relationship between enslavement and force deficit for threedigit tasks in flexion (left) and in extension (right; also see METHODS). The data are plotted for the thumb (black) and fingers (colors) separately. The data for the fingers are plotted separately for the finger-fingers (FFF; blue) and the thumbfinger (TFF; red) combinations. For both flexion and extension tasks, the negative relationship between enslavement and force deficit did not differ between the fingers when they were FIG. 5. Data from individual subjects during multidigit tasks. Each thin line shows data from a single subject performing a multidigit task. The squares and thick line show the average performance (ϮSE). Data from several multidigit tasks with different levels of difficulty are shown for flexion (left) and extension (right). The instructed digits (indicated with arrows) are supposed to produce maximal force. The top panels show a simple 2-digit task (TI: thumb and index finger, no noninstructed digits between instructed digits); the 2nd panels show a difficult 2-digit task (TL: thumb and little finger, 3 noninstructed digits separate the instructed digits); the 3rd panels show a difficult 3-digit task (TML: thumb, middle, and little fingers); the 4th panels show a simple 4-digit task (IMRL: all the fingers excluding the thumb); and the bottom panels show the 5-digit task (TIMRL: all digits including the thumb). instructed to perform the task with two other fingers or with the thumb and another finger (see Table 2 ). This relationship for the fingers in flexion was stronger than that for the fingers in extension tasks.
In two-and three-digit tasks, the thumb behaved differently from the fingers. For the three-digit tasks in flexion, the thumb had relatively low enslavement and force deficits and these measures were not significantly correlated, whereas the fingers showed a higher force deficit with low enslavement. In extension, the thumb showed a high force deficit when it was hardly enslaved, whereas the fingers had lower force deficits and higher enslavement levels.
For the two-digit tasks, the relationships were similar to those for the three-digit tasks, but the correlations were lower (Table 2 ; two-digit data are not plotted in Fig. 7 ). For the thumb-finger tasks in flexion, there was no relationship between enslavement and force deficit (either for the thumb or the fingers; data not shown). However, the force deficit at zero enslavement force was significantly lower than that of the thumb in the thumb-finger combination in extension. In
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FIG. 6. The enslavement (A) and force deficit (B) for each digit expressed as a function of task difficulty for flexion (left) and extension (right) tasks. A: the amount of enslavement is averaged per digit for 2-, 3-, and 4-digit tasks as a function of task "difficulty" in flexion tasks (left) and extension tasks (right). The difficulty of the task was defined as the number of digits between the instructed digits (see also METHODS). B: the average force deficit increases with the number of digits that are instructed (in both flexion and extension) and in extension this deficit increases further with task difficulty (the number of noninstructed digits between instructed digits). For clarity, we added the error bars (SE) only for the tasks with the fewest and most instructed digits. Note: arrows indicate the direction of the y-axes of A and B.
FIG. 7. The relation between the amounts of enslavement and force deficit in flexion (left) and extension (right). For the 3-digit tasks, the average enslavement of one digit during the single-digit MVC of 2 other digits was calculated to plot against the force deficit of this one digit when it was involved in a 3-digit task with these 2 other digits (see METHODS) . The linear regressions between enslavement and force deficit (thick lines) and the 95% confidence intervals (thin lines) were plotted separately for the thumb in the thumb-finger-finger combinations (TFF; black), fingers in the thumbfinger-finger combinations (TFF; red), and fingers in the finger-finger-finger combinations (FFF; blue). The line for the thumb in the flexion tasks is plotted, although the thumb did not show a significant correlation. For further details, see the text and Table 2. extension tasks, the relationship was stronger for the thumb than for the fingers in the finger-finger combinations.
D I S C U S S I O N
This study has investigated the enslavement of the human thumb and fingers during maximal extension and flexion of one or more digits in various combinations. We conducted the study with the fingers in a grasp posture. To elicit the "natural" behavior, the instructions to subjects placed no restriction on use of the noninvolved digits. The major new findings relate to the enslavement during extension tasks, how this differs from flexion tasks, and how force enslavement and deficits are related in extension and flexion.
Single-digit performance
Subjects were unable to make independent movements around the metacarpophalangeal (MCP) joints in flexion and extension; that is, they showed enslavement of noninstructed digits. Overall, the pattern of enslavement forces around the MCP joint with the hand in a grasp posture was similar to that described by Zatsiorsky et al. (1998 Zatsiorsky et al. ( , 2000 for flexion forces produced at different sites along each finger. In these studies, the hand was flat with all joints of the fingers extended and subjects were instructed to keep the fingers on the keys. However, in the present study, subjects were told to think only about the instructed digits, so the other digits could move in either direction. As a result, half of the subjects showed slight extension of the little finger during flexion of the index and middle fingers and most flexed their little finger during extension of the thumb and index finger. Unlike the above-mentioned studies, we used the highest maximal voluntary contraction as the reference MVC, even if this force occurred in a multidigit task. Thus not all subjects performed maximally in the single-digit tasks-i.e., they showed a force deficit. Despite the differences between the tasks, our data for flexion resemble those of Zatsiorsky et al. (2000; see their Fig. 3) , with the "negative" enslavement in our study corresponding to their low enslavements.
Across both flexion and extension tasks, there was a strong tendency for the level of enslaved force to diminish as the distance from the task digit increased. This decrease in enslaved force with distance is consistent with the increase in recruitment thresholds of motor units of compartments of FDP, FDS, and ED acting on the fingers that are further from the test digit (Butler et al. 2005; Kilbreath and Gandevia 1994; van Duinen et al. 2009 ).
The degree of enslavement in the present study (measured as the force produced by noninstructed digits) was significantly greater for extension than that for flexion tasks. Most enslavement force was shown by the middle and ring fingers for both extension and flexion tasks (Ͼ20% MVC). This implies a strong functional coupling between them. It fits with the patterns of daily use, given that middle and ring fingers rarely move alone (Ingram et al. 2008 ). This coupling also fits with studies on short-term synchronization of motor units in the multitendon extrinsic hand muscles. Synchronization is strongest among the compartments for middle and ring fingers and also for ring and little fingers (in ED and FDP; Keen and Fuglevand 2004a; McIsaac and Fuglevand 2007) . These (and other) studies also often calculated a "selectivity" index for each digit (e.g., Hager-Ross and Schieber 2000; Keen and Fuglevand 2004a) . We did not perform this calculation because any force produced by the noninstructed digits in the uninstructed direction leads to spuriously high results.
In many tasks, although requested to produce maximal contractions, subjects performed submaximally-i.e., there was a force deficit. Force deficits were usually smallest in the single-compared with the multidigit tasks, for both flexion and extension. The force deficit seemed to be higher in extension than that in flexion for single-digit tasks; this difference was of borderline significance (see also Mechanisms of force enslavement and force deficit).
The extrinsic muscles that control the thumb are anatomically distinct from those that control the fingers. Nevertheless, movements of the thumb were not completely independent from the fingers. Neural interactions involving drive to the long flexors of the fingers and thumb have been reported (Hockensmith et al. 2005; Kilbreath and Gandevia 1994; Yu et al. 2007 ). During a pressing task with the fingers and thumb, Olafsdottir et al. (2005) reported that the degree of thumb enslavement depended on its position. There was more enslavement when the thumb was positioned opposite the fingers than when it acted in parallel with the fingers. In the present study, the thumb was in an intermediate position, in a plane perpendicular to the fingers. Here, the summed enslavement of the digits during single-digit tasks was higher than that when the thumb acted either in parallel or opposition (ϳ30% MVC FF, two-finger combinations; FT, data for the fingers in the two-digit combinations (thumb and finger); TF: data for the thumb in the two-digit combinations; FFF, three-finger combinations; FFT, data for the fingers in the three-digit combinations (thumb and two fingers); TFF, data for the thumb in the three-digit combinations. The offset indicates the mean force deficit (and 95% confidence interval) at zero enslavement. If there is no overlap in the offset, there is a significant difference between the combinations.
here vs. 10% in parallel and 22% in opposition). However, during the multidigit tasks, total enslavement was similar to that when the thumb acted in parallel (ϳ15% MVC; see Fig. 5 in Olafsdottir et al. 2005) . Furthermore, the summed force deficits in the present study were also similar to the data for the thumb acting in parallel (ϳ30% MVC here; see Fig. 4 in Olafsdottir et al. 2005) .
Multidigit performance
In multidigit tasks, the degree of enslavement in multidigit tasks was highest again for the middle and ring fingers, often Ͼ30% MVC. We considered the effect of task "difficulty" on the patterns of force production. We defined "difficulty" of the task as the number of noninstructed digits between the instructed digits (also see METHODS). When only adjacent digits were instructed (i.e., difficulty of "0"), enslavement was lower in flexion than that in extension tasks. Enslavement more than doubled when one or more noninstructed digits separated the instructed ones. This pattern also fits with daily hand movements because adjacent fingers show the highest correlation for movements together (Ingram et al. 2008) .
Although the force deficit seemed to be larger in the extension than that in the flexion direction for the single-digit tasks, for the multidigit tasks the force deficits were larger in flexion. Furthermore, the deficits were larger for the multidigit than those for the single-digit tasks. Despite the larger deficits for multidigit tasks, we do not think that this is caused by a limit (or "force ceiling") to the total motor output to one hand . The role of antagonist-agonist interaction in the generation of the force deficit is considered in the following text.
Mechanisms of force enslavement and force deficit
It is well established that there are anatomical links within and between the muscle-tendon units of the multitendoned extrinsic muscles of the hand that have their muscle bellies in the forearm. They can involve connections between tendinous structures (e.g., FPL and FDP; Leijnse 1995; Leijnse et al. 1997) , but also direct links at a muscle level ("intermuscular" force transmission; see Huijing 2003; see also Chao et al. 1989; Kilbreath and Gandevia 1994; Lang and Schieber 2004; Yucesoy et al. 2003 Yucesoy et al. , 2005 . Mechanical interactions can produce marked changes in force production when the hand is postured in unusual ways that effectively "disengage" the FDP from the distal joint of the finger (Gandevia and McCloskey 1976; Smith et al. 2009 ). However, the extent to which such connections limit the force production of the individual digits during the natural range of active movements usually performed by the hand is not in universal agreement. We favor the view that the patterns of force distribution across the hand during natural tasks such as grasping are limited largely by neural factors.
One argument for this view is that the properties of the "lateral" connections between muscle-tendon units cannot explain the range of behavioral limits (in flexion or extension) that have been reported. First, the magnitude of direct intermuscular force transfer is likely to be small (at least between the long flexor of the thumb and the index component of FDP; Yu et al. 2007 ; see also Maas and Sandercock 2008) . Based on intraneural microstimulation, the force transfer also appears small in compartments of the multitendoned extensors, at least for low forces (Keen and Fuglevand 2004a) . Second, the pattern of force production across the digits is surprisingly constant when the same digits are instructed to move when flexion forces are measured around the MCP or either of the interphalangeal joints of the finger . Under these conditions forces will be generated by different levels of activation of the various extrinsic and intrinsic muscles. Third, this pattern of the force distribution in contractions up to maximal efforts is similar when the finger joints are all extended when about to press a key and when they are naturally flexed around a grasped object (compare our Fig. 3 with Fig. 3 in Zatsiorsky et al. 2000) . Here, the length-tension relation of elements that generate intermuscular force transmission must differ (e.g., Smeulders et al. 2004; Yucesoy et al. 2006) .
Central factors that may link the neural output to the different fingers have been well described. They include the divergence of corticospinal axons to reach more than one motoneuron pool (e.g., Cheney 1978, 1980; Shinoda et al. 1981 ; for review, see Lemon 2008 ) and the major overlapping and intermingling of cortical output zones to individual upper limb muscles documented in nonhuman primates (e.g., Landgren et al. 1962; Rathelot and Strick 2006; Schieber and Hibbard 1993) . As a result of such factors, there is short-term synchronization of motor unit discharge of functionally linked hand muscles or across muscle compartments of the multitendoned extrinsic hand muscles (Hockensmith et al. 2005; Johnston et al. 2005; Nordstrom et al. 1992; Reilly et al. 2004; Santello and Fuglevand 2004; Winges and Santello 2004) . There is also evidence for coherence between cortical activity and forearm EMG (e.g., Baker et al. 1997; Brown 2000; Conway et al. 1995; Gross et al. 2000; Salenius and Hari 2003) and coherent forces across different digits during voluntary tasks (e.g., Kilbreath et al. 2002; Li 2002; Rearick and Santello 2002; Santello and Soechting 2000; Yu et al. 2007) .
Can these factors explain the patterns of force of the digits produced in single-and multidigit tasks? During the planning of movements of single digits using intrinsic hand muscles, surround inhibition operates on the output to muscles acting on nearby noninstructed digits and this occurs at a motor cortical level (Beck et al. 2008) . Furthermore, strong corticocortical interactions shape the output from primary motor cortical cells in a way that reflects the required muscles to be used in a grasp and this occurs well before movement onset (e.g., Cattaneo et al. 2005 ; see also Li et al. 2004) . Cortical surround inhibition might reduce enslavement and increase force deficits by inhibiting the movements of neighboring digits. However, any cortical surround inhibition is less pronounced for extrinsic hand muscles because motor units acting on neighboring digits are recruited when only one digit is instructed to move (Butler et al. 2005; Kilbreath and Gandevia 1994; van Duinen et al. 2009 ).
We originally proposed for the extrinsic flexors of the thumb and finger that "commands to flex a distal joint of a single digit are somatotopically organized such that an increase in a command (Ͼ2.5% MVC) results in a 'spill-over' to progressively more remote digital flexors" (Kilbreath and Gandevia 1994) . However, this spillover to neighboring digits does not explain enslavement forces in the opposite direction and/or the force deficits. These enslaved forces in the opposite direction, pre-dominantly by the little and index fingers, also suggest neural drive to antagonist muscles. This occurs in monkeys performing single-finger movements (see Fig. 3 in Schieber 1991 and Fig. 7 in Schieber 1995) . Schieber suggested that this drive to antagonists acting on digits at the other side of the hand stabilized the wrist, but the drive to antagonists persisted after the need to stabilize the wrist was eliminated; the monkeys continued moving the distant digits in the opposite direction. He then proposed that contraction of antagonist muscles might be a strategy to prevent enslavement (Schieber 1991) .
A combination of this spillover to agonists and simultaneous drive to antagonists would explain the force enslavement in flexion and extension and also the force deficits for the fingers. The strength of this negative relationship between force enslavement and force deficit for the fingers (Fig. 7) indicates the relative proportions of the amounts of spillover to neighboring digits and neural drive to antagonist muscles. This drive to the antagonist muscles of neighboring digits would decrease the amount of enslavement, but also decrease the amount of force produced by other instructed digits when multiple digits are used, thereby increasing the force deficits. Thus high levels of neural drive to antagonist muscles of neighboring digits and/or low spillover of drive to neighboring digits would lead to a strong negative relation. The overall result would be more individualized digit movements, but with large force deficits.
The control of the thumb differed from that of the fingers. In flexion tasks, there was no significant relationship between enslavement and force deficit of the thumb in either the two-or three-digit tasks. The drive to the thumb in flexion seemed to be relatively high and consistent between the tasks, whereas the drive to thumb extensors was lower than that to finger extensors because the thumb showed a relatively low and consistent force deficit. In contrast, in extension tasks, the negative relationship between enslavement and force deficit of the thumb was stronger than that of the fingers. The large force deficit of the thumb in extension may reflect the less common position of the thumb for this movement (or less spillover to the thumb). In absolute force, the thumb was weaker in extension than the fingers in this position (Table 1) . So the contribution of the thumb to the summed force produced by the instructed digits was relatively low.
Overall, we have provided a comprehensive description of the patterns of force production by the digits of the human hand. Even though subjects were not able to generate flexion and extension forces with their digits independently, individuation of the digits was better in flexion than that in extension tasks. This may reflect daily hand function, in that selective flexion of the digits is more common than extension. We propose that there is a balance of spillover to neighboring antagonist muscles and neural drive to antagonist muscles. This would link measures of force enslavement and limits to force production in multidigit tasks. Operation of such a cortical control system would preferentially lift fingers from an object by extension but allow each digit to contact an object by flexion and engage the specialized finger pads in exploration and grasping. 
